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Abstract: We examined the relationships between intergenerational obesity, weight and size at birth,
and obesity from infancy to adolescence with weight loss in response to a dietary intervention.
We studied 4264 participants (3369 women; mean age 41.5 ± 12.9 years) of the ONTIME study.
Participants followed a weight-loss treatment based on a Mediterranean diet. Associations between
grandparental and parental obesity grade, birth weight and size, and obesity grade in infancy,
childhood and adolescence with total weight loss in response to treatment were assessed, using
multivariate linear regression models. A lower weight loss (kg) in response to treatment was found
among participants who were obese during infancy (beta coefficient −2.13 kg; 95% CI, −3.96, −0.30;
p = 0.023). Furthermore, obesity during infancy and also during childhood was associated with a
slower weekly rate of weight loss during treatment (p < 0.05). In conclusion, obesity in infancy and
in childhood impairs the weight-loss response to dietary treatments in adulthood. Tackling obesity
throughout early life may improve the effectiveness of weight-loss interventions in adulthood.

Keywords: intergenerational obesity; size at birth; body mass index; weight loss; dietary treatment

1. Introduction

Obesity represents an important public health concern. It contributes notably to the
overall burden of disease, mortality, and quality of life [1]. Currently, the prevention and
improvement of interventions remain crucial to tackle the global obesity epidemic.

Disentangling factors that influence the effectiveness of dietary treatments for obesity
in clinical practice is still challenging [2]. A high interindividual variation in weight-loss
treatment effectiveness is common, and diverse types of barriers are involved [3]. It is likely
that these barriers may include not only physical, environmental, and emotional factors but
also an endogenous predisposition of individuals. In this regard, the individual ability to
lose weight in response to treatments could be influenced not only by genetic factors [4] but
also be programmed by an adverse development during the prenatal and early postnatal
life, when pivotal aspects of human metabolism are established. In this regard, a family
history of obesity, body weight and size at birth, and obesity grade during the postnatal
life course may play a role in weight-loss ability in adulthood. However, no study has yet
investigated the impact of intergenerational obesity and the personal life-course grade of
obesity on the ability to lose weight in response to dietary interventions.

Evidence for intergenerational links to obesity has primarily emerged from two-
generational studies that have examined the relationship between the body mass index
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(BMI) of parents in adulthood [5–12], and less frequently at earlier life periods [13], with the
offspring’s susceptibility to obesity over a lifetime. The grade of obesity of both parents may
influence the offspring’s body composition during childhood [10,13] and adulthood [5,7].
Moreover, some studies have found stronger influences on the offspring’s proneness to
obesity for mothers than for fathers [8,11], which suggests that intrauterine mechanisms
could be involved. However, Freeman et al. [9] showed that having an overweight or obese
father, but a mother of healthy weight, increased the probability of the offspring’s obesity in
childhood, suggesting that fathers might also be a key influence. In addition, some studies
have been carried out, analyzing the information of three generations (i.e., grandparents,
parents, and the offspring) [14–18]. Davis et al. [15] showed grandparental obesity to be
associated independently from parental obesity with an increased prevalence of overweight
individuals among children aged 5 to 19 years, in a US national sample. Moreover, three
studies have provided evidence of a stronger transmission, over three generations, of
BMI [16,18] and central adiposity [17] in childhood through the maternal line. Furthermore,
maternal and paternal nutritional knowledge and attitudes may influence the effect of
dietary interventions on their offspring [19,20]. Nevertheless, to our knowledge, there
are no studies analyzing the potential impact of the parental line on body-weight loss in
response to dietary interventions.

Studies assessing the association between weight and size at birth with the risk
of weight gain and obesity later in life have shown inconclusive results [21–28]. Most
studies have reported higher weight and size at birth to be associated with higher BMI in
childhood, adolescence and adulthood [21–23,25]. A J- or U-shaped association between
birth weight and BMI later in life has also been reported [27,28], which indicates a higher
propensity for obesity in infants with both low and high birth weights, while other studies
have found no association between birth weight and adult BMI [26]. In addition, the
development of obesity during postnatal life, including infancy and childhood, may predict
obesity in adolescence and adulthood [29,30], and perhaps the ability to lose weight during
obesity treatments.

The main objective of the present study was to examine the potential associations
between personal early life-course obesity and the ability to lose body weight in response
to a dietary intervention in adulthood. As a secondary aim, we examined the relationships
between intergenerational obesity, weight and size at birth, and personal early life-course
obesity with adult BMI, in an attempt to replicate previous findings.

2. Materials and Methods
2.1. Study Population

We studied 4264 subjects from the ONTIME study (Obesity, Nutrigenetics, Timing,
Mediterranean study) registered at clinicaltrials.gov as NCT02829619. The participants
were patients recruited from five obesity clinics in the city of Murcia, located in the southeast
of Spain. They voluntarily consented to be recruited for this study. The age of participants
ranged from 18 to 80 years. Subjects were excluded if they had some chronic disease such
as type 2 diabetes mellitus, hepatic disease, cancer, renal disease, and the use of drugs to
promote weight loss. Participants included in this study signed the informed consent and
their data were codified to guarantee anonymity. All procedures were in accordance with
the Declaration of Helsinki. This study was approved by the Ethical Committee of the
University of Murcia.

2.2. Intervention and Weight-Loss Effectiveness

A standardized weight-loss program led by certified nutritionists and based on the
Mediterranean diet (Garaulet method©) was followed by all the participants [3,31]. This
program consisted of attending a 60-minute therapy session per week in small support
groups (n = 10 per group) during the weight-loss intervention period, which was followed
by a 5-month maintenance period. In general, the weight-loss goal for all the participants
was to lose at least 5% of the initial body weight. Nevertheless, depending on the initial
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body weight, the duration of the intervention changed (mean ± SD, 18 ± 14 weeks). Partic-
ipants with a normal BMI, but who wanted to lose some weight (to achieve a bodyweight
always above BMI > 20 kg/m2) while learning how to eat following a Mediterranean diet,
were also included in the study. Overall, the attrition rate was 32%. The dietary intake
of energy was limited to 1200–1800 kcal per day for women and 1500–2000 kcal per day
for men, to induce an approximate loss of 0.5–1 kg per week, in order to achieve a total
weight loss of 5% of the initial weight. Body weight was recorded weekly throughout
the weight-loss phase of the program. Weight-loss effectiveness was evaluated by the
total weight loss (kg) achieved, defined as the difference between the initial and the final
bodyweight of the participant during the total period of the intervention. In addition,
weight loss was also calculated as a percentage of the initial weight. The weight-loss rate
was determined as the grams of body weight lost, as tracked weekly during the weight-loss
intervention period. During the intervention, participants completed the barriers to weight
loss survey [3], which consisted of 37 questions across six sections: (1) meal recording,
weight control and weekly interviews; (2) eating habits; (3) portion size; (4) food and drink
choices; (5) way of eating and timing; and (6) other obstacles to weight loss, such as places,
stress-related eating, eating while watching television, etc. Questions had three possible
responses: “never”, “sometimes”, and “always”. A higher cumulative score generally
reflects more barriers to weight loss. Scores were dichotomized to the presence (score ≥ 1)
or absence (score < 1) of weight-loss barriers.

2.3. Assessment of Initial BMI in Adulthood

The bodyweight of participants was measured at baseline and monitored weekly
throughout the program. Participants were weighed at baseline after 12 h of fasting, while
barefoot, wearing light clothes and using a digital scale (Tanita Corporation of America,
Arlington Heights, Illinois, IL, USA) that measured to the nearest 0.1 kg. The height of
participants was also measured at baseline using a Harpenden digital stadiometer (rank:
0.7–2.05) (Holtain Ltd. Crosswell, Crymyh, Pembs, UK). Participants were placed in a
relaxed, upright position with their heads positioned in the Frankfurt plane. Both height
and weight measurements were collected at the same time of the day for all participants.
The initial BMI, based on baseline body weight and height measurements, was calculated
as weight in kilograms divided by height in square meters (kg/m2).

2.4. Information on Intergenerational Obesity Grade, Size at Birth and Early-Life Obesity Grade

As part of the ONTIME study, a medical record was obtained from each participant
in which the obesity grade history was collected. Information on the obesity grade of
grandparents, parents, and throughout lifetime periods, including infancy (birth–23 months
of age), childhood (2–12 years of age), and adolescence (13–18 years of age), was reported
by participants before starting the weight-loss intervention, following the guidelines of
the “Sociedad Española para el Estudio de la Obesidad” (SEEDO) [32]. Categories of the
grade of obesity were defined as underweight, normal weight, overweight, and obese,
based on the WHO criteria. Information on birth weight (kg) and size at birth, defined as
small (< 2500 g), normal (2500–4000 g), and big (>4000 g), was also reported by participants.
Children that were overweight and obese were defined by age and sex-specific cut-off
points of BMI, based on international data [33].

2.5. Statistical Analysis

Associations between adult BMI, total weight loss and rate of weight loss in response
to the intervention, and grandparental and parental obesity grade, birth weight, size
at birth, and obesity grade in infancy, childhood and adolescence were assessed using
multivariate linear regression models. Results are presented as beta coefficients and
their corresponding 95% confidence intervals (CI). For birth-weight analyses, the results
represent the change per 1-kilogram increase in birth weight to adulthood BMI, to total
weight loss (kg), and to the rate of weight loss (grams per week). For size at birth analyses,
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the reference category was medium size. For the analyses of grandparental, parental,
infancy, childhood and adolescence obesity grades, the reference category was normal
weight. To study weight loss evolution during treatment, a repeated-measures analysis of
variance (ANCOVA) was performed. Final models for BMI in adulthood were adjusted
for sex and age; and models for total weight loss were further adjusted for the nutritional
clinic, year of assessment, and initial body weight before the dietary intervention. Further
adjustment for total energy intake and physical activity level during the intervention did
not change the estimates. Nevertheless, when controlling for the main barriers of weight
loss, estimates for the association between infant obesity and lower total weight loss in
response to the intervention were similar although attenuated (beta coefficient −1.99 kg;
95% CI −4.24, 0.27; p = 0.084; data not shown). Finally, analyses were stratified by sex
and adult BMI categories. All statistical analyses were performed using the STATA 15
statistical software (Stata Corporation, College Station, TX, USA) and SPSS v20.0 software
(IBM Corp., Armonk, NY, USA).

2.6. Mediation Analysis

We tested the role of weight and size at birth and overweight–obesity grade in in-
fancy, childhood, and adolescence in mediating the association between maternal and
paternal overweight–obesity grade and BMI of the offspring in adulthood. We performed
model-based causal mediation analysis using R-package “mediation” [34]. We generated
the estimates for the total effect, average direct effect, and average causal mediation ef-
fect using a quasi-Bayesian Monte Carlo method based on normal approximation with
2000 simulations, with robust standard errors. The proportion that the mediating variable
explains of the association between maternal and paternal overweight–obesity grade and
BMI in adulthood was calculated as previously described [35].

3. Results

The study population included 4264 adults aged 18 to 80 years (Table 1). The age
of participants was 41.5 (±12.9) years (mean (±SD)), and 79% of them were female. The
average of total achieved weight loss in response to the intervention was 6.9 (±5.8) kg
for the total population; 6.4 (±5.8) kg for women and 9.0 (±6.9) kg for men. The initial
BMI of participants was 31.3 (±5.6). Overall, 36% of participants were overweight and
53% were obese. The prevalence of overweight and obesity among women was 40.3% and
46.7%, respectively, and 20.4% and 77.8% among men, respectively. Participants reported a
higher prevalence of overweight and obesity among their grandmothers compared to their
grandfathers, as well as among their mothers compared to their fathers (32.7% vs. 26.1%
for overweight and 16.7% vs. 15.3% for obese, for mother and father, respectively). In the
studied population, the reported mean birthweight was 3.5 (±0.6) kg, and 36% and 15%
reported being of small and large size at birth, respectively. The prevalence of overweight
and obesity steadily increased from infancy to adolescence, varying from 17% to 36.8%
for overweight and from 1.3% to 8.2% for obesity, which represent a 2.2-fold change for
overweight and a 6.3-fold change for obesity (Table 1).
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Table 1. Characteristics of the study population.

N Mean (SD) or %
Age (years), mean (SD) 4264 41.5 (12.9)

Sex (%) 4264
Male 895 21.0

Female 3369 79.0
Total weight loss (kg), mean (SD) 3896 6.9 (5.8)

Women 3090 6.4 (5.4)
Men 806 9.0 (6.9)

Adulthood BMI (kg/m2), mean (SD) 4264 31.3 (5.6)
<25 453 10.6

25–29.99 1542 36.2
≥30 2269 53.2

Maternal grandmother obesity grade (%) 3607
Underweight 137 3.8

Normal weight 2265 62.8
Overweight 744 20.6

Obese 461 12.8
Maternal grandfather obesity grade (%) 3571

Underweight 174 4.9
Normal weight 2694 75.4

Overweight 519 14.5
Obese 187 5.2

Paternal grandmother obesity grade (%) 3530
Underweight 127 3.6

Normal weight 2243 63.5
Overweight 708 20.1

Obese 452 12.8
Paternal grandfather obesity grade (%) 3420

Underweight 192 5.6
Normal weight 2562 74.9

Overweight 450 13.2
Obese 216 6.3

Mother obesity grade (%) 4135
Underweight 130 3.1

Normal weight 1966 47.5
Overweight 1350 32.7

Obese 689 16.7
Father obesity grade (%) 3927

Underweight 146 3.7
Normal weight 2156 54.9

Overweight 1023 26.1
Obese 602 15.3

Size at birth (%) 1220
Small 440 36.1

Medium 601 49.2
Big 179 14.7

Birthweight (kg), mean (SD) 753 3.49 (0.65)
Infancy obesity grade (%) 2967

Underweight 71 2.4
Normal weight 2345 79.0

Overweight 513 17.3
Obese 38 1.3

Childhood obesity grade (%) 3077
Underweight 62 2.0

Normal weight 2049 66.6
Overweight 874 28.4

Obese 92 3.0
Adolescence obesity grade (%) 3246

Underweight 38 1.2
Normal weight 1748 53.9

Overweight 1194 36.8
Obese 266 8.2

SD: standard deviation.
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3.1. Total Weight Loss and Weight Loss Evolution in Response to the Intervention

Both total weight loss and weight loss rate during the obesity treatment were as-
sociated with size at birth and obesity grade during infancy. Participants who reported
being small-sized at birth tended to show greater weight loss compared to those who were
normal-sized (beta coefficient 0.76 kg; 95% CI, −0.05 to 1.57; p = 0.066), although it did not
reach statistical significance (Figure 1). Moreover, those who were obese in infancy, but
not in childhood or adolescence, showed significant lower total weight loss in response to
the intervention (beta coefficient −2.13 kg; 95% CI, −3.96 to −0.30; p = 0.023) (Figure 1).
After stratifying by adult BMI categories, the association was observed among those who
were obese during adulthood (Supplementary Table S1). Results were essentially the same
when using total weight loss as a percentage (Supplementary Table S2).
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Figure 1. Associations between birth weight, size at birth, and personal life-course obesity grade
with total weight loss (kg) in response to the intervention. Lines represent beta coefficient and 95%
CI derived from linear regression models. All models adjusted for sex, age, nutritional clinic, year
of assessment, and initial body weight. * For birth weight, the coefficient represents the change in
total weight loss (kg) as continuous per 1-kg increase in birthweight. For size at birth, a medium size
represents the reference category. For infancy, childhood and adolescence periods, a normal weight
represents the reference category; p-value for infancy obesity grade = 0.023.

As for the weight-loss rate and evolution during treatment, participants who were
obese in infancy and in childhood displayed a slower rate of weight loss starting from the
first week, a difference that gradually increased after the third week of the intervention
program (p < 0.05; Figure 2). Associations between obesity grade in infancy, childhood
and adolescence with total weight loss were in the same direction after stratifying by sex
(Supplementary Table S3). Although stronger associations were found in men compared to
women, differences did not reach statistical significance (Supplementary Table S3).

An underweight paternal grandfather was associated with higher total weight loss
achieved at the end of the intervention (beta coefficient 1.62; 95% CI 0.46 to 2.77; p = 0.006),
and the paternal grandfather’s overweight status was associated with lower total weight
loss (beta coefficient −0.67; 95% CI −1.24 to −0.09; p = 0.023) (Table 2). These associations were
stronger among those participants with obesity during adulthood (Supplementary Table S4).
No associations were found between the parental (mother or father) obesity grade and
total weight loss.
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Figure 2. Total weight loss evolution by categories of obesity grade in infancy (A) and childhood
(B) during treatment. A repeated-measures analysis of variance (ANCOVA) was performed. Analyses
were adjusted for sex, age, nutritional clinic, year of assessment, and initial body weight. Blue
line = underweight; green line = normal weight; yellow line = overweight; red line = obesity.

3.2. Initial BMI in Adulthood

The influence of intergenerational obesity grade on BMI in adulthood before the inter-
vention is shown in Supplementary Table S5. Grandparental overweight and obese statuses
were associated with a higher BMI in adulthood (Supplementary Table S5). Moreover,
participants with overweight and obese parents had higher BMI in adulthood compared
to those with normal-weight parents (Supplementary Table S5). Paternal underweight
status tended to be associated with the higher BMI of their offspring in adulthood (beta
coefficient 0.84; 95% CI, −0.05 to 1.73; p = 0.063). After mutual adjustment, the maternal and
paternal obesity grade remained independently associated with higher BMI in adulthood
(Supplementary Table S6). After adjustment for the maternal obesity grade, the association
between an underweight father and higher BMI in his offspring in adulthood was stronger
(beta coefficient 1.44; 95% CI, 0.46 to 2.42; p = 0.004) (Supplementary Table S6). Stratified
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analysis by sex showed that estimates were in the same direction; however, stronger as-
sociations with the mothers’ obesity in women and with the fathers’ obesity in men were
observed (Supplementary Table S7).

Participants who reported higher weight at birth tended to show a higher BMI in
adulthood (BMI estimate for a 1-kilogram increase in birth weight was 0.58; 95% CI, −0.01
to 1.16; p = 0.055) (Supplementary Figure S1), although a non-linear relationship was found
(Supplementary Figure S2). Accordingly, a U-shaped relationship between the size at birth
categories and BMI in adulthood was found. A higher BMI in adulthood was associated
with both small size (beta coefficient 0.92; 95% CI, 0.29 to 1.55; p = 0.004) and big size (beta
coefficient 0.90; 95% CI, 0.04 to 1.76; p = 0.041) at birth (Supplementary Figure S1). Under-
weight status in infancy, childhood, and adolescence was associated with lower BMI in
adulthood; however, excess weight and obesity in infancy, childhood, and adolescence were
associated with higher BMI in adulthood (Supplementary Figure S1). Associations were in
the same direction after stratifying by sex, with stronger associations between infancy and
childhood obesity and BMI in adulthood among women (Supplementary Table S8).

Table 2. Adjusted associations between intergenerational obesity grade and total weight loss (kilo-
grams) in adulthood, in response to a dietary intervention.

N Coef. (95% CI) p Value

Maternal grandmother obesity grade 3239
Underweight 136 0.25 (−1.14, 1.64) 0.726

Normal weight 2001 Ref.
Overweight 669 −0.15 (−0.63, 0.33) 0.546

Obese 433 0.19 (−0.37, 0.76) 0.504
Maternal grandfather obesity grade 3197

Underweight 172 0.10 (−1.25, 1.45) 0.882
Normal weight 2393 Ref.

Overweight 460 −0.49 (−1.03, 0.06) 0.080
Obese 172 0.18 (−0.67, 1.02) 0.682

Paternal grandmother obesity grade 3159
Underweight 124 0.33 (−0.97, 1.63) 0.622

Normal weight 1979 Ref.
Overweight 636 0.09 (−0.41, 0.58) 0.727

Obese 420 0.49 (−0.09, 1.07) 0.099
Paternal grandfather obesity grade 3054

Underweight 190 1.62 (0.46, 2.77) 0.006
Normal weight 2254 Ref.

Overweight 410 −0.67 (−1.24, −0.09) 0.023
Obese 200 0.28 (−0.51, 1.06) 0.490

Mother obesity grade 3722
Underweight 130 0.29 (−0.87, 1.44) 0.625

Normal weight 1748 Ref.
Overweight 1210 −0.04 (−0.43, 0.36) 0.850

Obese 634 −0.12 (−0.62, 0.38) 0.641
Father obesity grade 3514

Underweight 142 −0.68 (−1.80, 0.45) 0.237
Normal weight 1898 Ref.

Overweight 918 0.05 (−0.38, 0.48) 0.811
Obese 556 0.08 (−0.44, 0.60) 0.757

Coefficient and 95% confidence intervals derived from linear regression models adjusted for sex, age, nutri-
tional clinic, year of assessment, and initial body weight. For all comparisons, a normal weight represents the
reference category.

3.3. Mediation Analysis for BMI in Adulthood

Further mediation analyses showed evidence for the mediating effects of birth weight,
size at birth, and overweight–obesity grade from infancy to adolescence in the association
between the maternal (Supplementary Table S9) and paternal (Supplementary Table S10)
overweight–obesity grade and offspring’s BMI in adulthood. The estimated mediated
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proportions gradually increased throughout the life-course periods, with the lowest pro-
portion found for birth weight (33%) and the highest for overweight–obesity in adolescence
(79%) (Figure 3).

Figure 3. Estimated mediated proportion effect of (A) maternal and (B) paternal overweight–obesity
grade on the offspring’s BMI in adulthood via birth weight, size at birth, and overweight–obesity
grade from infancy to adolescence in the ONTIME study.

4. Discussion

The present study is the first that investigates the ability to lose weight in response to
dietary intervention in relation to intergenerational obesity, body weight and size at birth,
and postnatal life-course obesity grade. We show that obesity in infancy and in childhood
was associated with lower weight loss and effectiveness of the dietary intervention during
adulthood. Those individuals who were obese in infancy lost less body weight than those
who were normal weight. As for the weight loss rate and evolution during treatment,
participants who were obese in infancy and also in childhood displayed a slower rate of
weight loss starting from the first week, a difference that gradually increased after the third
week of the intervention program.

4.1. Comparisons with Previous Studies

To our knowledge, this is the first study to investigate the potential role of intergener-
ational obesity, body weight and size at birth, and personal early life-course obesity in an
individual’s ability to lose weight during an obesity treatment. We did not find evidence of
an association between the parental (both mother and father) obesity grade and the ability
to lose weight in response to dietary intervention in adulthood, while participants who
reported to be small-sized at birth tended to show higher weight loss compared to those
normal-sized. More importantly, a poorer response to the dietary treatment with lower
total weight loss (kg) was found among subjects who were obese during infancy, and those
subjects who were obese during infancy and also during childhood showed a decreased
weekly weight-loss rate and a poorer weight-loss evolution during the treatment. The
success of a weight-loss dietary intervention was not related to the degree of obesity during
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other life-course periods. Some studies have suggested that the first few weeks of life up
to the first 2 years (infancy) may be a crucial period for obesity risk later in life [36,37].
Feeding with formula milk rich in macronutrients may be involved in rapid weight gain
during the first weeks of life and the increase in adult overweight status [37].

Furthermore, early childhood (between 2 and 6 years of age), a period that encom-
passes the adiposity rebound, is considered a critical age for the development of sustained
obesity [29]. Geserick et al. estimated that the probability that obese children return to a
normal weight in adolescence was less than 20% and decreased further with age [29]. It is
likely that derived lasting alterations in adipose tissue function and changes in metabolism
during infancy and childhood may influence the ability to lose weight in response to
treatment later in life. Further studies are warranted to understand the potential mecha-
nisms involved in the association between infancy and childhood obesity, and subsequent
difficulties in losing body weight in response to dietary interventions.

The available studies have examined the impact of obesity over three generations by
evaluating the offspring’s BMI [16,18] and central adiposity [17] in childhood, and the risk
of excess weight (BMI > 95th percentile) up to adolescence [15]. Our study shows an impact
of the grandparental obesity grade on the offspring’s BMI beyond adolescence, which sup-
ports the transgenerational transmission of the obesity cycle up to three generations and
its maintenance in adulthood. We found grandparental overweight and obese status to be
associated with higher adult BMI in the offspring, which supports the hypothesis that obe-
sity is in part programmed before conception. In addition, participants with underweight
paternal grandmothers, as well as those with underweight fathers but not mothers, had an
increased BMI in adulthood. These findings suggest that being underweight through the
paternal line may play a role in programming offspring BMI in adulthood.

In our study, we found an association between a paternal grandfather being under-
weight and higher total weight loss. Moreover, the paternal grandfather’s overweight status
was associated with lower total weight loss. It is possible that the grandparents’ behaviors
related to their own obesity may have influenced their grandchildren through the children’s
parents. Previous two-generational studies have reported both parents’ BMI in adulthood
to be positively associated with the offspring’s BMI in adulthood [5,7]. Supporting this,
our results showed that both the maternal and paternal obesity grades in adulthood were
independently associated with an increase in the offspring’s BMI in adulthood.

Although some previous studies have suggested that one parent, particularly the
mother, could have stronger influences on the offspring’s obesity proneness [8,11], we did
not detect differences in the associations between the mother’s and father’s obesity and the
offspring’s BMI in adulthood in the patients’ studies.

Although mediation analyses did not show any association with weight loss in re-
sponse to the dietary intervention, we found that associations between parental overweight–
obesity status and the offspring’s BMI in adulthood were increasingly explained by weight
and size at birth (values ranging from 33% to 47%) and by overweight–obesity status from
infancy to adolescence (values ranging from 72% to 79%). In this regard, it is reasonable
that older study participants will have had longer exposure to obesogenic environmental
factors as shared with their parents, and therefore will show stronger associations. These
results suggest that there is a long period during the offspring’s growth to implement
obesity prevention strategies.

Mounting evidence in developmental programming, life-course and cross-generation
transmission of obesity has increased since Barker proposed the theory of the fetal origins of
adult disease [38]. The underlying mechanisms are still unclear, but most probably involve
prenatal programming, genetic predisposition and shared environmental factors [39]. It is
likely that these associations are largely attributable to their shared environment because
many risk factors for obesity, including social environment [40], dietary intake, physical
activity patterns and other lifestyle factors, often co-occur within families [41,42]. The lack
of an association between weight-loss effectiveness during adulthood and the parental
obesity grade may be related to the fact that during the treatment they do not share
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the same environment. Furthermore, we have shown that one of the main barriers to
losing weight is the lack of motivation during the treatment [3], and although this may be
highly impacted by the social environment, this impact may be more acute than merely
life-course influenced.

However, Cooper et al. showed that parent–offspring BMI associations remained
after adjustment for a wide range of lifestyle and socioeconomic factors [7]. Thus, these
associations may also reflect genetic and epigenetic factors whose influences are maintained
in adult life. The genetic influence on BMI is supported by adoption and twin studies [43,44].
To date, the estimated heritability of BMI ranges from 40% to 70% [45]. Nevertheless, all
the genetic variants identified could only explain a relatively small proportion (less than
30%) of the total variation of individual BMI levels and weight variation [46]. While there
are association studies demonstrating the possible impact of individual genetic variants
on weight-loss effectiveness [47–49], novel genome-wide analytical studies (GWAS) are
warranted to unravel the genetics of weight loss.

Birth weight as a risk factor for obesity at later ages has been extensively examined
with varying results [50]. Accordingly, our results indicate that unfavorable in utero
development resulting in a small or big size at birth leads to higher BMI in adulthood.
Our findings are in line with previous studies that have shown a U-shaped relationship
between size at birth and BMI in adulthood [27,28].

4.2. Strengths and Limitations

Among the strengths of this study are the availability of data from three generations
and its prospective longitudinal design to assess weight loss effectiveness of dietary inter-
vention in a large sample of subjects. Secondly, weight loss during the follow-up was based
on weekly repeated measurements for at least 16 weeks for every participant. Nevertheless,
this study has also limitations. The size of compared groups varies, which could influence
our results. However, based on the infancy data that shows a significant difference in body
weight loss of 1.18 (SD ± 6.08) kg between two groups (overweight versus normal weight),
it would be necessary to have a sample of at least 953 subjects to achieve a statistical power
of 85%. Therefore, we consider that the current study has enough power in every assessed
lifetime period to detect a difference in total weight loss of ~1 kg. Information on intergen-
erational obesity grade, weight and size at birth, and postnatal obesity grade were reported
by participants, which may lead to an underreporting bias, particularly in women [51].
This could result in underestimation of the strength of the associations found, since it is
likely that the actual obesity grade of mothers and grandmothers was higher. We were
not able to control for the participants’ socioeconomic status and lifestyle factors, which
could result in residual confounding. Diverse types of barriers are responsible for high
interindividual variation in weight loss in response to treatments, which could influence
our results. However, although estimates were attenuated, further adjustment for a barrier
score developed in our study showed similar results for the association between infancy
obesity and lower total weight loss in response to the intervention. Finally, there was some
attrition of the obesity program from baseline to the later stages, due to the long-term
follow-up to assess weight-loss effectiveness. Therefore, the data of body weight evolution
during the dietary treatment may not be representative of the total population.

5. Conclusions

The present study suggests that obesity in infancy and childhood may impair weight-
loss response to dietary treatments in adulthood. Tackling obesity in early life may improve
the effectiveness of weight loss treatments for obesity in adulthood.
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